Amino Acid Analysis. Amino acid analyses were performed on a Beckman 121-M amino acid analyzer (Beckman Instruments, Inc., Cedar Grove, N. J.). Samples were hydrolyzed for 24, 48 , and 72 h with twice distilled, constant boiling 6 N HC1 at 110°C in evacuated tubes. Tryptophan was determined after alkaline hydrolysis (25) . Half-cystine and methionine were determined after performic acid oxidation.
Electrophoresis. Disk electrophoresis was performed by using the method of Davis (26) as modified by Clarke (27) in 6% polyacrylamide running gels and Tris-HCl-glycine buffer, pH 8.9. SDS polyacrylamide gel electrophoresis was performed according to the method of Weber and Osbern (28) as reported previously (29) . Densi~metry analysis of stained gels was performed by using a Gilford recording spectrophotometer equipped with a linear transport unit. Gels stained with Coomassie brillant Blue were scanned at 625 nm and those stained for carbohydrate by the periodic acid-Schifftechnique (30) were scanned at 540 nm. Immunoelectrophoresis was performed in 1.2% agarose (Marine Colloids, Inc., Rockland, Maine) in barbital buffer, pH 8.6, ionic strength 0.05, according to the method of Scheidegger (31) . C3bINA eluted from the affinity column was dialyzed against 0.85% saline, 0.002 M EDTA at pH 7.2, concentrated by ultrafiltration and subsequently dialyzed against a solution of 0.008 M sodium phosphate, 0.005 M NaC1, pH 7.8, with a conductance at 21°C of 2.0 mmho/cm. This solution was applied to a column of DEAE-cellulose equilibrated with the same buffer (Fig. 2) . The column was washed with three column volumes of starting buffer and C3bINA was subsequently eluted with a buffer of slightly higher sodium chloride concentration and a conductance of 4.1 mmho/cm. Although the yield of this step was only 33%, the protein eluted at 4.1 mmho was 85% C3bINA and the only detectable Fro. 2. Chromatography on DEAE-cellulose of pooled C3bINA from anti-C3bINA Sepharose column. The concentrated sample was dialyzed in 10 liters of 0.008 M sodium phosphate, 0.005 M NaC1, pH 7.9, conductance 2.0 mmho/cm (21°C), and applied to a 1.4 × 10 cm DEAE-cellulose column equilibrated with the same buffer. Elution of C3bINA was accomplished using the equilibrating buffer brought to a conductance of 4.1 mmho/cm with NaC1. C3bINA activity is given as percent inhibition of hemolytic sites on EAC4-~ cells as described in Methods. C3bINA was pooled as indicated by the bar .   FIG. 3 . Disk gel electrophoresis of purified C3bINA in 6% polyacrylamide at pH 8.9. C3bINA (40 ~g) containing 4 ng I~I-C3bINA was applied to each of two gels. After electrophoresis one gel was stained with Coomassie Blue dye and photographed. The other gel was sliced into 2-mm segments and eluted with 200/~1 of PBS for 24 h. The slices were counted for radioaqtivity and assayed for the ability to destroy hemolytic sites on EAC423 cells. Activity is given as the decrease in adsorbance at 412 nm indicating decreased lysis. contaminant was IgG. This protein was removed by passing the mixture over an anti-IgG Sepharose column. The resulting protein was homogeneous by all gel electrophoretic and immunological criteria tested. Fig. 3 demonstrates that upon disk gel electrophoresis at pH 8.9 a single protein band was observed upon staining with Coomassie Blue. The position of this band as well as the I~I-C3bINA peak corresponded to the position of enzymatic activity toward cellbound C3b which was eluted from slices of a similar gel. Immunoelectrophoresis of purified C3bINA (Fig. 4) showed a single precipitin arc with anti-C3bINA. No contaminating antigens could be detected with anti-whole human serum. The protein migrated as a/~-globulin. Structural Properties: Molecular Weight, Subunits, Amino Acid, and Carbohydrate Content. Purified C3bINA was subjected to electrophoresis in 7% polyacrylamide gels containing SDS. Fig. 5 shows that before reduction of disulfide bonds the protein migrated as a single band and had an apparent mol wt of 73,000 daltons. Upon reduction, two polypeptide chains were separated having tool wt of 50,000 and 38,000 daltons. The mol wt of intact C3bINA was therefore determined to be 88,000 daltons. Both chains of this molecule were deomonstrated to contain carbohydrate by periodic acid-Schiff staining of the separated chains on SDS gels. As shown in Table H , the ratios of the amount of protein-bound stain (Coomassie) correspond well to the molecular weight ratios for the respective polypeptide chains. The ratios of carbohydrate-bound stain in the two chains, however, indicates that the smaller chain contains the majority of the C3bINA-bound carbohydrates. A schematic drawing of the tertiary structure of the C3bINA molecule is shown in Fig. 6 . Total hexose determinations by the phenol-sulfuric acid method gave a value of 7.5/~g hexose/100/~g C3bINA. Amino acid analysis for amino sugars yielded 3.2 fig of glucosamine/100 /~g C3bINA. Since glucosamine does not react with the phenolsulfuric acid reagent, these values must be added to obtain the carbohydrate content of C3bINA, which is at least 10.7% not including neuraminic acid.
Results

Isolation of
The amino acid composition of C3bINA is shown in Table III , calculated for a mol wt of 88,000 daltons. The composition suggests no unusual characteristics.
Normal Serum Concentration. The protein concentration of purified C3bINA was determined by amino acid analysis and by Folin analysis with bovine serum albumin as the reference protein. Purified C3bINA was then used to standardize radial immunodiffusion plates prepared with monospecific anti- C3bINA prepared in a goat. 20 normal sera, quantitated by radial immunodiffusion, contained an average of 34 +_ 7/~g C3bINA/ml (mean +_ 1 SD). The highest concentration found was 49 ftg/ml and the lowest was 23 ~g/ml.
Requirement of fllH for the Cleavage of Free C3b by C3bINA. Treatment of
C3b with purified C3bINA at a concentration equivalent to that found in normal human serum for 60 min at 37°C had no effect on the structure of C3b (Fig. 7) . C3b which had not been treated with anti-B1H Sepharose, however, was cleaved slowly by C3bINA due to the presence of a low level of ~IH which usually contaminates preparations of C3. When C3b was incubated with C3bINA and ~IH, both present in concentrations similar to those found in serum, the a'-chain of C3b (110,000 daltons) was cleaved into two fragments having mol wt of 67,000 and 40,000 daltons. These fragments will be referred to as a'-67 and a'-40. Neither of the fragments were released from C3b in the presence of SDS without reduction. Dissociation of a'-67 and a'-40 from the apparently intact fl-chain required treatment with ITI'r. Cleavage in the presence of fllH was complete after 5 min and no additional cleavages occurred during 60 min of incubation (Fig. 7) . The sum of the molecular weights of a'-67 and a'-40 equals the molecular weight of the a'-chain. No precursor of the two fragments other than the a'-chain could be detected in a time-course experiment utilizing 1/loth of the above indicated concentrations of C3bINA and BIH and extending over an observation period of 10-120 min at 37°C (lower right panel, Fig. 7 ). For the formation of C3c and C3d from C3b, trypsin treatment was required in addition to treatment with C3bINA and fllH. C3b was first incubated with normal serum concentrations of C3bINA and fllH for 15 min at 37°C and then treated with 1/~g/ml trypsin for 30 min at 37°C. This treatment generated 27,000 and 140,000 dalton fragments which could be separated on SDS polyacrylamide gel electrophoresis without reduction. No fragments were released from unreduced C3b by trypsin under these conditions without prior treatment with C3bINA and fllH.
Requirement of fllH for the Cleavage of Free C4b by C3bINA. Native C4 is composed of three polypeptide chains referred to as a, 8, and ~ chains with mol wt of 93,000, 78,000, and 33,000 daltons, respectively (17) . Treatment of C4 with CI~ cleaves the C4a fragment from the a-chain, leaving the 86,000 mol wt a'-chain of C4b. Incubation of C4b with buffer, with C3bINA, or with fllH for 2 h at 37°C did not alter the structure of the C4b molecule (Fig. 8) . Cleavage of the a'-chain of C4b could, however, be accomplished by C3bINA in the presence of BIH. The lower right panel of Fig. 8 demonstrates that the simultaneous presence of these two proteins results in the complete loss of the a'-chain and the appearance of at least three fragments. These fragments have approximate mol wt of 49,000, 29,000, and 10-20,000 daltens. When a similar digest of C4b was subjected to gel electrophoresis in SDS without the reducing agent DTT, only the 49,000 tool wt fragment was released (Fig. 9 ). This suggests that the 49,000 mol wt fragment represents the nondisulfide bonded C4d portion of the molecule (5) and that the smaller fragments of the a'-chain are covalently linked to the or ~/chains of the molecule. Incubation of radiolabled C4 with C3bINA and ~IH did not alter the native three chain structure of C4, but some cleavage products appeared which probably originated from a small amount of C4b in the C4 (left panels, Fig. 8 Cleavage of C3b by C3bINA and fllH. Radiolabeled C3b (25 ~g/ml) which had been treated with anti-B1H Sepharose was incubated with buffer or with 26 ftg/ml C3bINA for 60 rain at 37°C in a total vol of 20 ~. The mixture was denatured and reduced with an SDSurea-DTT solution and applied to 7% SDS polyacrylamide gels. C3b treated with 500 ~g/ml BIH under the same conditions gave a pattern identical to that shown for C3b alone. SDS gels of C3b incubated with both C3bINA (26 p~g/ml) and fllH (500/~g/ml) for 60 rain at 37°C, or with 1/lOth these concentrations for 120 rain at 37°C, are shown in the panels on the right. The mol wt of the a'-chain of C3b is 110,000 daltons and that of the B-chain is 75,000 daltons. The percent of the total recovered radioactivity found in the major fragments is written near each peak.
cal polypeptide chains which are linked by disulfide and noncovalent bonds. It delineates the chemical composition of the protein and the requirement of the cofactor/31H for its action on free C3b and C4b.
The purification of human C3bINA was greatly simplified by the use of immune adsorption on anti-C3bINA Sepharose. A single chromatographic separation on DEAE-cellulose of the eluate from the immune adsorption step rendered the protein 85% pure. Removal of contaminating IgG gave the product described in this study. The enzyme migrated as a single molecular species on polyacrylamide gel electrophoresis at pH 8.9 and C3bINA activity could be eluted from the region of the gel corresponding to the protein band. The protein appeared to be homogeneous and free of contaminating antigens upon immunoelectrophoresis by using an antiserum to whole human serum. Furthermore, a monospecific antiserum was raised in a goat after injection of highly purified C3bINA.
Polyacrylamide gel electrophoresis in the presence of SDS indicated that human C3bINA was composed of two polypeptide chains covalently linked by disulfide bonds. These chains had tool wt of 50,000 and 38,000 daltons and were Incubations with buffer or with ~IH alone were essentially identical to these patterns. The percent of the total recovered radioactivity found in the major fragments is written near each peak.
50"
4o, . SDS polyacrylamide gel electrophoresis of an unreduced sample of 125I-C4b after treatment with C3bINA and B1H. The sample was prepared as described in Fig. 8 , except that DTT was not used.
designated a and ~, respectively, following the convention used with other complement proteins. Carbohydrate analyses indicated that the molecule contained 7.5% (wt/wt) hexose and 3.2% glucosamine, or at least 10.7% carbohydrate not including neuraminic acid. This carbohydrate appeared to be distributed unevenly between the a and fl chain, the smaller chain containing almost 60% of the carbohydrate. The amino acid composition reported here is similar to that of other globulins, except for an above average content ofhalf-cystine residues. While this value (42 residues per molecule or 5.4%) does not suggest any unusual properties, it may explain the stability of C3bINA to denaturation at pH 2.2 or by 2 M guanidine.
The physiological function of C3bINA has long been understood to be the cleavage of the C3b molecule which results in the abrogation of all known functions associated with C3b: the classical (32) and alternative (7, 8) pathway C5 convertases are inactivated, the immune adherence and opsonizing functions are lost (33) , and the C3b-dependent positive feedback activity is destroyed (34) . Concomitant with the loss of C3b activities, the reactivity with cellular C3d receptors (35) and with conglutinin (2) appears.
From previous studies it was concluded that proteolytic cleavage of the a'-chain of C3b (36, 37) by C3bINA splits the molecule into the immunochemically defined fragments C3c and C3d (38) . Our results indicate that in complete absence of/31H, C3bINA does not cleave C3b in solution (Fig. 8) . The previous observations of lack of ~IH requirement for C3bINA action is attributable to the occurrence of small amounts of B1H in most preparations of highly purified C3. Removal of traces of fllH from the C3 used in this study was accomplished by immune adsorption with anti-BllH Sepharose. Action of C3bINA and fllH on C3b results in cleavage of the a'-chain into two fragments which do not dissociate without reduction. The mol wt of the two fragments are 67,000 and 40,000 daltons, respectively, beth of which are larger than the tool wt of C3d (25,000 daltons) as isolated from aged or pathological sera (37) . These observations indicate that an additional serum enzyme is required for the production of C3c and C3d. Trypsin can mimick the serum enzyme, but only subsequent to C3bINA and fllH action. The evidence at hand indicates that C3bINA and fllH generate only two a'-fragments without production of an intermediate cleavage product (85,000 daltons) as described by Gitlin et al. (36) .
Some uncertainty has existed regarding the mode of regulation of the C4b fragment. Cooper (4) purified an enzyme from serum which cleaved and inactivated C4b and which he called C4b inactivator. Shiraishi and Stroud (5) reported that the C4b cleaving enzyme was identical with C3bINA, but that it required a high molecular weight serum cofactor to act on cell-bound C4b. Schultz and Arnold (39) and later Whaley and Ruddy (8) reported that highly purified C3bINA did not inactivate the immune adherence function of cellbound C4b, which was originally described by Cooper (40) .
In analogy to C3b regulation, the present study shows that C4b in solution was cleaved by C3bINA and ~IH. Neither of the two proteins alone had any effect on C4b (Fig. 8) . Cleavage of C4b produced two fragments of 150,000 and 49,000 daltons, respectively, which dissociated in the absence of reducing agents (Fig. 9) . These findings are in good agreement with mol wt estimates made by gel filtration of C4b cleaved by serum enzymes (5) and with the mol wt of intact C4b (197,000) as previously described (17) . SDS polyacrylamide gel electrophoretic analysis of the reduced fragments (Fig. 8) indicated that the C4d portion (49,000 daltens) came from the a'-chain of the C4b molecule. No cleavage of either the fl or ~ chains was detected. The a'-chain was cleaved during the 2-h incubation into the 49,000-dalton C4d fragment, a 29,000-dalton fragment, and a fragment in the 10-20,000 mol wt range. Since at least three fragments of the a'-chain of C4b were generated, at least two proteolytic cleavages occurred. It seems unlikely that two cleavages would be produced by a proteolytic enzyme with the extremely restricted specificity C3bINA demonstrated with C3b. It is possible therefore that an unidentified second enzyme was present in the reaction mixtures. It remains to be determined which cleavage is effected by C3bINA and it is conceivable that, in analogy with C3b, the second enzyme causes the cleavage which generates the C4c and C4d fragments. Studies are currently underway to resolve this question and to identify the enzyme responsible for each cleavage.
Summary
The complement regulatory enzyme, C3b inactivator (C3bINA), has been purified from human serum by affinity chromatography on an anti-C3bINA Sepharose column. Subsequent chromatography on DEAE-cellulose and removal of IgG with anti-IgG Sepharose resulted in a product which was found to be homogeneous by polyacrylamide gel electrophoresis at pH 8.9 and by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The molecule is composed of two disulfide bonded polypeptide chains with mol wt of 50,000 and 38,000 daltons. Human C3bINA was found to be a glycoprotein containing at least 10.7% carbohydrate and to have a normal serum concentration of 34 _+ 7 /~g/ml (mean _+ 1 SD). Highly purified C3bINA cleaved neither free C3b nor free C4b if trace amounts of contaminating ~IH were removed from these proteins with anti-~lH Sepharose. However, in the presence of highly purified ~IH and C3bINA, both C3b and C4b were cleaved. Incubation of native C3 or C4 with C3bINA and ~IH had no effect on their structure. The action of C3bINA and B1H on C3b produced two fragments of the d-chain which did not dissociate without reduction of the molecule. These fragments have mol wt of 67,000 and 40,000 daltons. The action of C3bINA and ~IH on C4b resulted in cleavage of the a'-chain giving rise to the 150,000-dalton C4c and the 49,000-dalton C4d fragments, which dissociated without reduction. To produce from C3b the immunochemically defined C3c and C3d fragments, the action of an additional serum enzyme appears to be required, the effect of which can be mimicked by trypsin.
